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INSOLATION IN RELATION TO CLOUD AMOUNT 


]. NEUMANN 
Israel Meteorological Service, Hakirya, Tel Aviv, Israel 
(Manuscript received May 24, 1954; revision received November 1, 1954] 


ABSTRACT 


Assuming a simple pyrheliometric station model, an equation is derived relating the amount of insolation Q from 
a sky whose fraction C is covered by clouds, to the insolation Q) arriving at the same surface from a cloudless sky. 


The equation is of the form 


where A is the sum of cloud albedo and absorptivity expressed as fraction of the radiation incident on cloud tops and 
the symbol a represents the depletion coefficient of insolation in cloudless air in the layer between cloud top and cloud 


base levels. 


The theoretical equation resembles the empirical equation Q/Qo=1—kC where k is supposed to be a constant. 
The theoretical equation shows the dependence of k on relevant physical variables. 

It is shown that the theoretical equation combined with results of pyrheliometric observations, from which a value 
of k has been deduced, leads to a value of A which is in close accord with its value obtained by independent methods. 
On the other hand, if we assume reasonable values for A and a, the resulting value for k is in good agreement with the 


best value found from pyrheliometric observations, 


INTRODUCTION 


In the literature on empirical calculations of insolation, 
wn’equation of the type 


Q=Q (1—kC) (1) 


8 often cited as a useful means for computing, in an 
ipproximate manner, the amount of insolation reaching 
t horizontal surface from a cloudy sky under average 
wnditions. In the equation the symbols have the follow- 
ing meaning: 

Q=amount of insolation incident on a horizontal 

surface from a cloudy sky, 

Q=as Q but from a cloudless sky, 

C=cloud amount on the scale of, say, 0.0 to 1.0, 

k=a suitable constant. 


For simplicity, k is considered a constant in spite of the 
fect that k is known to vary with cloud type and depth, 


326683—55—1 


height of cloud base, etc. It would be desirable to have 
quantitative information on the dependence of k on the 
various cloud characteristics and the purpose of the present 
paper is to investigate the problem in a simple manner. 
Such an investigation is all the more timely as the “best’’ 
values reported for & differ in some cases fairly consider- 
ably. 


DERIVATION OF AN EQUATION 


We will assume a simplified station model. In this 
model: (a) all clouds have their bases and tops at respec- 
tively uniform levels, (b) the optical properties, i. e., albedo 
and absorptivity, of clouds are uniform with respect to 
insolation, (c) transmission conditions of insolation in the 
cloud-free spaces of a partly cloudy sky are similar to 
those of the corresponding layer under conditions of a 
cloudless sky, and (d) the station is situated in a level 
terrain whose surface is uniform from an optical point of 
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view. At any level in the atmosphere, the insolation has 
a downward component and an upward component. The 
upward component is produced by reflections of insolation 
from the air, clouds, and terrain. In the present paper, 
the downward component alone is considered. 

Let Q,’ and Q’ be the insolation incident on a hori- 
zontal surface at the cloud-top and cloud-base levels, 
respectively. For a sky partly covered by clouds, Q’ 
should be thought of as @ weighted average for the cloudy 
and cloudless areas on the constant-height surface cor- 
responding to cloud-base level. Let (1—a) be the trans- 
mission coefficient (a is the depletion coefficient) of inso- 
lation in cloudless air between the levels of cloud tops and 
cloud bases. Further, let A be the sum of figures rep- 
resenting cloud albedo and absorptivity expressed as 
fractions of the radiation incident on the cloud tops. 
On the one hand, for the cloud-free spaces, the inso- 
lation arriving at cloud base level will be proportional to 
Q,'(1—a). On the other hand, the insolation arriving 
at the bases of clouds will be proportional to Q;’(1—A). 
Hence Q’, the weighted areal average of insolation reaching 
cloud-base level, will be 


Q’=Qo'(1—a)(1—C) + Qo (1— AC, 
=Q'[(1—a)—(A—a)C], 


where, as before, C is the cloud amount expressed as 
fraction of the sky covered by clouds. For a cloudless 
sky, C=0 and a=0, by definition. 

Let a’ and a’’ be transmission coefficients of insolation: 
a’ for air between cloud-base level and ground, and a’’ 
for cloudless air between cloud-top level and ground. 
Then, if Q and Q have the same meaning as in (1), 


Q=a'?’ (3) 
Qo=a’" Qo’ (4) 


The latter is based on our assumption (c) according to 
which transmission conditions in the cloudless spaces of 
a partly cloudy sky are similar to those of a cloudless 


sky. Inserting (3) and (4) in (2) yields 
% [1—a)—(A—a) 0]. (5) 


(2) 


and 


As a” is the transmission coefficient in cloudless air 
between cloud-top level and ground whereas a’ is the 
transmission coefficient for the layer between cloud-base 
level and ground, a’”’ will be smaller than a’ by a factor 
representing the transmission coefficient for the layer of 
cloudless air between cloud-top and cloud-base levels. 
The latter coefficient has been denoted earlier by the 
symbol (1—a). Hence, 


(6) 
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If (6) is inserted in (5), we find that 

0] 


If cloud depth is not too great, a <1, and then, to a good 
approximation, 


1 
(8) 


With the aid of (8), (7) now takes the form 
(9) 
This is the equation we have intended to derive. 


DISCUSSION 


Equation (9) is the general form of the relationship be- 
tween Q, Qo, and C under the simplified model adopted. 
This equation shows the dependence of the coefficient of 
cloudiness (which in the empirical equation (1) is con- 
sidered a constant) on the appropriate physical variables 
such as cloud albedo and absorptivity and transmission 
conditions in cloudless air for insolation. As both A and 
a are subject to temporal and spatial variations, a loss of 
accuracy will be incurred if the coefficient (A—a)(1+a) 
of (9) is replaced by a constant as is done in (1). Equa- 
tion (9) enables us to assess the error in replacing (A—a) 


(1+a) by a constant provided, of course, that A anda 


can be estimated in a satisfactory manner. 
Equation (6) shows that a is a function of the trans- 
mission coefficients a’ and a’’. For a given solar zenith 


distance, the transmission coefficients tend to vary with | 


altitude as the logarithm of altitude. Klein [1] has re- 
viewed this subject and compiled two diagrams (his 
figures 2 and 3, p. 125), one for summer conditions and the 


second for winter conditions, indicating the variation of | 


transmission coefficients with altitude as a function of 
solar zenith distance, for direct solar radiation. In the 


absence of more complete data, we shall be compelled in 
the next section, where a numerical application is given, © 


to use Klein’s figures as if they were applicable for total 


insolation, direct and diffuse. The influence of this error © 


is reduced by the fact that the value of the factor (A—@) 
(1+a) is determined primarily by the value of A. This 
follows from the observation that an error in the value of 
a is compensated through a appearing with opposite signs 
in the two factors (A—a) and (1+a). 
some usefulness in applications of equation (9) as it wil 
often be difficult to estimate a to a sufficient accuracy. 


APPLICATION: CLOUD ALBEDO AND ABSORPTIVITY 


FOR SOLAR RADIATION 


Two immediate applications of equation (9) suggest 
themselves. In the first application, the factor (A-) 


This fact is of | 
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(1+a) is considered a constant and it is assumed that its 
“best” value is known. By assuming also that a is known, 
we can proceed to calculate the value of A, the sum of 
fractions representing cloud albedo and absorptivity for 


solar radiation, and compare the value of A so obtained 


with values derived by independent methods. The second 
application is the converse of the first one. By assuming 
that representative values of A and a are given, the value 
of the cloudiness coefficient (A—a) (1+a) can be com- 
puted and then checked for reasonable agreement with the 
value of & (equation (1)) determined empirically on the 
basis of pyrheliometric observations. 

First application.—In equation (9) it will be assumed 
that (A—a) (1+a)=k, k=constant, in which case (9) re- 
duces to (1). Some writers (e. g., Sverdrup [2], p. 51), 
give the “best” value of kas0.71. Dr.S. Fritz of the U.S. 
Weather Bureau has, however, pointed out, in a private 
communication, that if average monthly periods are con- 
sidered, the value of & is more likely near 0.6 or even near 
(5. These estimates of k are based on pyrheliometric 
observations. On the basis of this, we shall adopt tenta- 
tively k=0.55. 

With regard to a, we note from equation (6) that 


” 
a-—a@ 
? 
a 


a= (10) 


To obtain a value for a, we shall estimate a’ and a’’ from 
Klein’s ({1], p. 125) diagrams. By assuming a cloud base 


® st 1,2,and 3 km., and a cloud depth of 1, 2, and 3 km., it 


s found that @ varies between ca. 0.1 and 0.2. We shall 
opt for a the average of the two figures, i. e. we assume 


§ «=0.15. As was pointed out in the preceding section, 


arors in estimates of a are partly balanced by the manner 
in which the a enters the cloudiness coefficient. 
From (A—a)(1+a)=0.55 and a=0.15, A=0.63, that 


4 5, the sum of cloud albedo and absorptivity works out 


0 be 0.63. This value is in close agreement with values 
tbtained recently by independent methods. Both Fritz 


rivate communication) and Houghton [3] give the aver- 
¥ ve value of cloud albedo as 0.55. Fritz’s estimate was 
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presented in 1951 at the Brussels General Assembly of the 
International Union of Geodesy and Geophysics. The 
estimate falls in the interval 0.47 and 0.60 given earlier 
by Fritz [4] for the worldwide average for cloud albedo. 
As to cloud absorptivity, Houghton [3] presents a table, 
based on the work of various authors, indicating an ab- 
sorptivity of 0.01 for high clouds, at the one extreme, 
and 0.1 for cumuliform clouds, at the other extreme. It is 
probably a reasonable conjecture that the worldwide aver- 
age is nearer the value for cumuliform clouds, say, it is 
0.07. If the latter is combined with the figure 0.55 for 
albedo, it results that A=0.62, in close agreement with 
the value 0.63 deduced above. 

Second application—As was stated earlier, the second 
application is the converse of the first one. Setting out 
from a cloud albedo of 0.55, an absorptivity of, say, 0.07 
and a value of a=0.15, equation (9) becomes 


Q=Qo(1 —0.54 C) 


i. e., k of (1) is 0.54, in good accord with Fritz’s estimated 
value of k based on pyrheliometric observations. 
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TRAJECTORY METHOD OF MAKING SHORT-RANGE FORECASTS 
OF DIFFERENTIAL TEMPERATURE ADVECTION, INSTABILITY, 
AND MOISTURE 


JAMES F. APPLEBY 
Hyd logical Section, U. S. Weather Bureau, Washington, D. C. 


[Manuscript received March 22, 1954; revised August 16, 1954] 


ABSTRACT 


A method is presented of forecasting indices of the strength of horizontal differential temperature advection, 
instability, and moisture—factors which have been found useful in locating areas of moderate to heavy rainfall. 
Carefully analyzed data from charts currently used in most forecast programs are used. Examples of the techniques 
and several cases giving the forecast of parameters and the corresponding observed rainfall are shown. Also included 
is a comparison of forecast areas of horizontal differential advection and tornado occurrence. 


INTRODUCTION 


The Hydrometeorological Section of the Weather 
Bureau has been conducting a study of the feasibility of 
making short-range forecasts of areas of heavy precipita- 
tion (1 inch or more per 6 hours). A trajectory method 
of forecasting the areas and magnitude of differential 
temperature advection,’ instability, and moisture has 
produced some encouraging results when compared with 
observed rainfall. The purpose of this paper is to describe 
the procedure and the reasoning which led to its adoption 
and to present the results of several studies of heavy 
rainfall cases prepared under the direction of George A. 
Lott. A comparison of the parameters determined from 
forecast trajectories and from trajectories as computed 
from observed winds is made from results of a case study 
by Lillian K. Rubin. Finally, the association of severe 
storms with areas of warm differential temperature 
advection is illustrated with results from a case study by 
Morton H. Bailey. 

Experience of the Hydrometeorological Section in the 
study of major rainstorms in the United States has indi- 
cated that the analysis of observed data by present day 
techniques does not always offer a satisfactory solution 
of the mechanisms involved. In the past we have 
frequently attributed heavy rainfall to: (1) frontal lifting, 
(2) increased cyclonic turning of the isobars, and (3) 
convergence in convectively unstable tropical air. How- 
ever, very similar conditions, as far as they can be ob- 
served or inferred from the data, occur on occasions when 
little or no rain falls. Present theories of storm mech- 
anisms seem to work well in some cases, but not in others. 
Therefore, it seems that these mechanisms, although 
contributing, do not fully explain the rainfall—at least 
insofar as they are observable. 


1 Differential advection is here defined as the finite difference equivalent of the hori- 
zontal Laplacian of temperature advection. 


One major difficulty in deriving a satisfactory explana- 
tion of many heavy rainfall situations may be the extreme 
mobility of the atmosphere. As unstable conditions 
develop, reactions begin immediately to return the 
atmosphere to equilibrium. Thus the observed data 
cannot help being affected by these stabilizing influences, 
It is an observed fact that temperature and moisture do 
not move horizontally with the winds. This is because 
the action of the wind field on the existing temperature 
field creates unstable situations,? and vertical motions 
result, causing additional changes in the temperature 
field. However, advecting the physical properties of the 
air forward should give some indication of where vertical 
motion should occur and some indication of its strength if 
indices are chosen to describe adequately conditions 
accompanying heavy rainfall. 


SELECTION OF INDICES 


The main sources of energy available for lifting of the 
air are those of potential energy of temperature contrast 
and thermodynamic instability. Indices relating to the 
air temperature (density) horizontally and_ vertically 
along with moisture were considered. 

Gilman [1] has hypothesized that horizontal differential 
temperature advection is a cause of vertical motion. He 
believes it is brought about by the relative rise of the 
constant pressure surfaces in a layer where the curvature 
of the advection profile is like that where warm differ- 
ential advection is at a maximum. This causes divergent 
aloft and consequently a pressure fall at the surface and 
convergence in the lower portion of the layer. Erickson [2] 


2 By an unstable situation is meant one in which air of different densities 18 boas 
together in such manner as to cause vertical motion either by overturning, oF realizatio 
of the potential energy of temperature contrast. 
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in a study of 11 extremely heavy rainfalls has found this 
to be verifiable in 9 of the 11 cases at 5,000 ft. and in 7 of 
the 11 at 10,000 ft. So differential temperature advection 
was one parameter selected. Instability has long been 


recognized by meteorologists as a source of energy and 


this was chosen as the second parameter. The importance 
of available moisture for precipitation, the third param- 
eter, is obvious. 

It is postulated that areas showing marked differential 
warm air advection depict areas where the part of poten- 
tial energy of temperature contrast is most likely to be 
expended in lifting the air and that in areas showing 
convective instability there is a possibility of energy 
being added after vertical motion starts. Then if sufficient 
moisture is present heavy rainfall results. 

The first problem then was to develop a method of 
obtaining future trajectories of the air to test the validity 
of the selected parameters. Undoubtedly, the nature of 
the approach limits the length of time it can be projected 
into the future. However, since the total strong vertical 
motion compared to horizontal motion in the atmosphere 
is small, the trajectory approach should be applicable 
up to 18-24 hours. 


CONSTRUCTION OF TRAJECTORIES 


Since a forecast tool was the ultimate aim, a reasonable 
balance between time expended, accuracy, and area 
applicability had to be reached. For some purposes, the 
trajectory methods described in the literature (c. f. [3] 
and [4]) are adequate, but for forecasting purposes these 
have several shortcomings. One is the time required 
to construct the trajectories. Another is the requirement 
of a series of prognostic charts which are not routinely 
available. The chief objection is the departure of the 
observed winds from the geostrophic. Some very large 
departures from the geostrophic are observed in many 
of the major storms in the United States, and probably 
are an important factor in the heavy rainfall mechanism. 

Trajectories computed from observed wind data are 
accurate for short intervals, but translation and changes 
in shape of the pressure systems, with time, limit their 
applicability. Since Gustafson [5] has shown that there 
is some reason to believe ageostrophic winds occur in the 
same location relative to a moving system, allowances for 
the movement, changes in shape, and intensity of the 
systems must be made to avoid discarding the ageo- 
strophic flow. With these allowances fairly accurate 
trajectories can be drawn from the information on the 
observed chart by the use of acetate overlays, shifted to 
allow for movement and changes in shape of the systems. 
Trajectories for the 850-mb. level drawn by this method 
approximate those computed by the accepted methods 
and can be drawn over the eastern United States in a 
relatively short time. No attempt was made to draw 
trajectories over the Plateau Region for the 850-mb. level 
a the obvious reason that this level is below the surface 

ere, 
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The most accurate trajectory would be one made by 
selecting very short time intervals and drawing vectors 
from the winds, making allowance for the movement of 
the pressure systems. The decision to use an average 
trajectory for periods of up to 9-hour intervals was made 
after balancing the time required for preparation against 
the accuracy of the two methods. 

To explain the details of the adopted procedure, an 
example of preparing the trajectories from the observed 
0300 Gmr 850-mb. chart, October 26, 1953, to 1200 emr 
and 1800 emr the same day, is discussed. Since the 
advection of temperature and the advection of moisture 
are the end results, they have been included. 

Step 1. Analysis—The 850-mb. chart (supplied by 
the WBAN Analysis Center) is prepared by drawing 
isotherms at intervals of 2° C.—carefully drawing for 
every temperature unless it is obviously in error. Dew- 
point isotherms are drawn for intervals of 4° C., except 
in areas with dewpoints above 8° C. where the analysis is 
made for every 2° C. On completing this analysis, future 
positions of the pressure systems (Highs, Lows, ridges, 
and troughs) at 0730 emr and 1500 emr ® are sketched in. 
These are the locations of the systems at the midpoints 
of the periods for which trajectories are needed. These 
future positions are based on extrapolation, the WBAN 
Analysis Center 30-hour prognostic charts, and the 
analyst’s judgment when the two former disagree radi- 
cally. If the pressure systems differ significantly in their 
rates of movement the region influenced by each is out- 
lined. Any intensification or filling of the pressure 
systems is converted into its effect on the winds and 
noted on the chart as a percentage increase or decrease of 
the wind speed. In the work done to date, anticipated 
changes in wind direction relative to the moving system 
have not been considered. 


Step 2. Trajectories.—A sheet of clear acetate is super- 
imposed on the analyzed chart and check marks placed 
on convenient latitude and longitude intersections for 
later reference. The future positions of the pressure 
systems are traced lightly on the acetate and points are 
selected for starting points of the trajectories. (See fig. 
i.) The spacing and number of points necessary to 
determine the changing isotherm field varies with the 
situation, but with experience it can be determined 
quite closely. Points between the present and the first 
future position of the pressure feature should not be 
trajected since shifting of the acetate would put the 
points to the rear of the feature. In most cases this area 
is not large and by examination of the wind field, 
isotherms from this area can be drawn. In rare cases 
where the area is large, shorter time intervals can be 
used, for example, two 4-hour periods instead of one 
9-hour period can be selected to draw several trajectories 
in this area. 


% Since radiosonde and precipitation observations begin shortly after the hour, the 
time interval between the 0300 and 1230 out observations ts considered as 9 hours, that 
between 1230 and 1830 out as 6 hours. 
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LEGEND / ag” / | : 
FORECAST POSITIONS: Ff \ \ 
—— /SOTHERMS; — DEWPOINTS; \ \ = 


Froure 1.—850-mb, chart for 0300 amt, October 26, 1953 with forecast trough positions at the midpoints in the time periods for which trajectories will be computed as a first step in 
the forecast of areas of heavy rain. See following figures for successive steps in the procedure. 


LEGEND 
FORECAST POSITIONS: 
ACETATE OBSERVED CHART 
ooo eee O730z2 
ooo @ee /5002 


Fiaurk 2.—Forecast trajectories for the period 0300-1200 amt, October 26, 1953 showing position of the acetate overlay on the observed map (0300 amt, October 26, 1953) when thes? | 
trajectories were computed. 
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LEGEND 

FORECAST POSITIONS: 
ACETATE OBSERVED CHART 
ooo eee 07302 
eee /5002 

TRAJECTORIES: 
TO /2002 
/200# TO /800# 


Fours 3.—Forecast trajectories for the periods 0300-1200 Gut (solid arrows) and 1200-1800 out (open arrows) October 26, 1953 showing position of acetate overlay on observed map 


(0300 out, October 26, 1953) when 1200-1800 our trajectories were 


03002 OBSERVED 
——— 12002 ADVECTED 


TRAJECTORIES: 


wm OSOOF TO 120027 
12002 TO #00? | 


FicuRE 4, Forecast 850-mb. temperature field for 1200 out, October 26, 1953 (solid lines) obtained by advecting the 850-mb. temperature observed at 0300 owt (dotted lines) from the 


hese 
| temperature to the tip of the open arrow. 


beginning point to the tip of each solid arrow. The forecast of the 1800 omt temperature field (needed in the next step but not shown here) is obtained by advecting the 0300 omt 
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FicureE 5.—Sample of computation of forecast differential temperature advection for the 
period 1200-1800 emt, October 26, 1953 using the forecast 1200 and 1800 Gut, tempera- 
ture fields. See text p. 325 for derivation of numerals in grid over Louisiana. 


After selecting the points, each movement area is 
considered independently. (Note that in fig. 1 move- 
ment of the system in the central United States is quite 
different from that of the Low over New England.) The 
acetate is then moved so that the 0730 amr position of the 
pressure system sketched on it coincides with the original 
position on the observed chart. After the acetate is 
shifted, trajectories are drawn from each previously 
located point using the observed winds directly beneath 
the point and along its path and determining the vector 
length from an average of the wind speeds along the path. 
A scale converting wind speed to distance allows a good 
many trajectories to be drawn in a short time (fig. 2). 
Where the change in shape of the system is great, the 
fitting should be done in two steps. (See fig. 3.) Note 
that in the north the trough line on the acetate is well to 
the east of the trough on the observed chart when the 
fit is good in the south. Before trajectories are drawn in 
the northern section, the acetate should be shifted over 
the trough line on the observed chart. Each movement 
area is treated independently and when a trajectory moves 
from one movement area to the next, it is considered with 
the new area when the trajectory for the next period is 
drawn. 
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When the first period trajectories are completed, the 
acetate is shifted so that the second forecast position of 
the pressure system overlies the original position on the 
observed chart. Trajectories are then extended from 
each arrow tip using the same procedure (fig. 3). 

Trajectories are now completed for this level. Trajec. 
tories for other levels can be made in the same manner to 
allow an examination of vertical structure. 

Although the method is somewhat rough, it is the only 
one offered at this time which allows a forecast of the 
future trajectories over the eastern United States capable 
of completion in less than one hour. The accuracy of the 
trajectories depends on a subjectively forecast movement 
of the pressure systems. However, practically all fore- 
casts made today are based on a prognosis of the movement 
of pressure systems, and the first part of the trajectories 
are based on observed data. Therefore, the subjectivity 
should not prove too great an objection. Small errors in 
forecast movement do not appreciably alter the trajec- 
tories, as the winds in most pressure systems change 
gradually from one area to another outside the frontal 
zone. 

Step 3. Advection of temperature and moisture.—Advee- 
tion of temperature and moisture by the trajectories is 
accomplished by returning the acetate, by the reference 
marks, to its original position. Another acetate, with 
reference marks, is superimposed and the tips of the first 
trajectories labeled with the temperatures at the beginning 
points. The forecast isotherms for 1200 Gmr are then 
drawn using these points, the wind flow as depicted by the 
trajectories, and the previous isotherm pattern as guides 
(fig. 4). This is repeated for the total trajectories to 
obtain the 1800 amr advected temperature pattern. 
Dewpoint patterns are advected in the same way. 
Analysis of the changes in structure horizontally and 
vertically can now be made. 


DETERMINATION OF PARAMETERS FROM THE 
ADVECTED DATA 


The determination of the parameters, although they are 
given in Celsius degrees is not to be construed as a forecast 
of actual observable values; the parameters serve merely 
as indices of the relative strengths of the measured items. 


DIFFERENTIAL TEMPERATURE ADVECTION 


Differential temperature advection as a cause of vertical 
motion applies to a layer, and according to Gilman [1], its 
greatest effect results from differential advection in the 
lower layers. The 850-mb. level rather than the surface 
has been chosen as representative of the lower layer. 
Several observations of wind structure in storms seem t0 
indicate that the 900- to 925-mb. levels would be evel 
more representative of the region where this phenomeno 
is strongest [6]. Unfortunately, however, the necessary 
data are not available for those levels. 
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AOVECTED DEWPONT 12002 
ADVECTED DEWPOINT 1800 
} MIGHEST DEWPOINT DURING THE PERIOD 


Ficure 6.—Forecast moisture fields for 1200 and 1800 Gut, October 26, 1953 obtained by advecting the observed dewpoints along the trajectories in the same way the temperature was 
advected. Also shown is the field of the highest dewpoint forecast for the interval 1200-1800 omwr. 


To determine the differential temperature advection for 
a specified period, the advected temperatures are needed 
at the beginning and end of the period. For the particular 
purposes of the study, 6-hour periods seem adequate. 
For short duration phenomena, perhaps 3-hour periods 
should be used. The procedure adopted to obtain the 
quantitative values of differential advection from the 
temperature patterns obtained above was developed by 
Richard C. Bourret formerly of Hydrometeorological 
Section and is as follows: An acetate marked with a grid 
of 2-degree latitude squares is superimposed on the tem- 
perature charts. The temperature at the beginning of 
the period is marked in the upper left of each grid inter- 
section and that at the end of the period in the upper 
right (fig. 5). Differences A are then entered in the lower 
left. 


Since differential advection involves the relationship of a 
point to its surroundings the Laplacian of the advection 
Aypy is found for each grid intersection from the following 
formula Where Aj, Aj, 
A, are the temperature changes at the points west, north, 
east, and south respectively of point with change Ao. 
This temperature change at the central point as compared 
with the change around it is plotted in the lower right of 
the grid intersection. Negative values indicate differen- 
tial warm-air advection; positive values indicate differ- 
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ential cold-air advection. 
advection is then analyzed. 


The pattern of differential 
See figure 7A, 


MOISTURE 


The moisture pattern is analyzed from the advected 
dewpoints. The values for the period are determined 
from those obtained at the beginning and end of the period. 
It is assumed that the movement between these two is a 
smooth progression. Connecting the areas between equal 
dewpoint isolines at the beginning and end of the period 
provides a picture of the maximum moisture existing over 
the area during the period (fig. 6). 


INSTABILITY 


To obtain an index of the vertical stability, the Sho- 
walter [7] technique * is applied to the advected tempera- 
tures and dewpoints using 700 mb. instead of 500 mb. as 
the reference level. This choice was made, in part, 
because a comparison of conditional instability in large 
storms showed that the departure rom average conditions 
is greater in 850-mb. parcels lifted to the 700-mb. level 
than in 850-mb. parcels lifted to the 500-mb. level. The 


4 The parcel is lifted along the dry adiabat until saturated, then along the moist adiabat 
to the reference level where the temperature is compared to the observed temperature. 
When the lifted temperature is colder than the observed at the reference level, the depar+ 
ture is noted as positive, and vice versa. 
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Fiovre 8.—Forecast parameters (A—differential temperature advection, B—dewpoint, C—stability) and (D) forecast heavy rainfall area each superimposed on isohyets of observed 
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FrourE 9.—Forecast parameters (A—differential temperature advection, B—dewpoint, C—stability) and (D) forecast heavy rainfall area each superimposed on isohyets of observed 
precipitation (thin solid lines), 0300-0900 amt, December 7, 1953. In (D) center of warm differential advection is again shown (dotted). 
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difficulty in handling the high winds at the 500-mb. level 
on the small-scale chart on which it is now plotted also 
influenced the choice. 

The conditional instability is computed for both periods 
and combined by the same method used for the dewpoints. 


See figure 7C. 
TESTS OF METHOD AND PARAMETERS 


Comparison of the patterns and intensities of these 
parameters with rainfall areas observed during the periods 
permits a test of both the trajectory method and the 
chosen parameters. Both have to be reasonably correct 
to obtain any correspondence between the areas indicated 
by parameters and the areas of observed rain. Slight 
displacements in areas of heavy rainfall and the areas 
indicated by the parameters suggest the parameters are 
probably correct but the trajectories are inaccurate. If 
no correspondence in areas is obtained it indicates either 
the reasoning behind the trajectory method, the method 
itself, the parameters chosen, or all three are incorrect. 


FORECAST PARAMETERS vs, RAINFALL 


To test the trajectory method and the parameters, 
daily forecasts of the parameters for the period from 1200 
eut to 1800 emt have been made from 0300 emr data for 
October and November 1953. The example used to 
explain the procedure for determining trajectories (fig. 7) 
is one of these. George A. Lott and Lillian K. Rubin 
have made special forecasts of the parameters in several 
heavy rainfall cases without previous knowledge of the 
exact location of the heavy rain. A few of these will be 
shown along with the corresponding rainfall. 

In figure 7 the forecast values of the parameters from 
the previously discussed example are superimposed on the 
isohyets of observed rainfall during the period. Note in 
figure 7A that the areas with rainfall are usually where 
warm differential advection has been forecast. The 
exception in northern Illinois is displaced, probably due to 
the formation of a Low in southeastern Kansas which was 
not forecast. The Low would cause warm air to flow more 
toward the northwest than forecast, shifting the differ- 
ential advection in that direction. To explain the lack of 
rainfall in areas of strong warm differentie] advection and 
the variation in rainfall amounts, one must take the 
forecast moisture (fig. 7B), and stability (fig. 7C), patterns 
into consideration. The small rainfall center in south- 
eastern Kansas and northeastern Oklahoma is associated 
with an area of instability, high differential warm-air 
advection, and a dewpoint of 4° C. The light rainfall 
between this center and the north-south band occurred 
in an area of greater moisture, the same instability, but a 
high value of differential cold-air advection. The heavy 
rainfall in Louisiana corresponds closely to high values of 
all three parameters. 

Again in figure 8 the parameters fit the rainfall pattern 
fairly well; however, in the south where we are dependent 
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Ficure 10.—Forecast heavy rainfall area (based on same parameters as shown in figs. 
7, 8, and 9) superimposed on isohyets of observed precipitation (thin solid lines) 1500 
GMT, March 21 to 0300 gmt, March 22, 1952. The magnitude and position of the centers 
of areas of warm differential temperature advection are shown by dotted lines. 


on data over the Gulf, the high moisture and low stability 
values cut off before heavy rainfall. There could be 
several reasons for this. One may be lack of data over 
the Gulf, another, the effect of the change from over-water 
to over-land flow. 

Experience indicates that the areas of heavy rainfall 
(approximately 1 inch per 6 hrs.) usually coincide with 
the areas where differential temperature edvection of 
—2° C. or greater (negatively), dewpoints of 10° C. or 
higher, and stability of less than 0° C. are forecast to 
coincide during the 6-hour period. Figures 7D and 8D 
show these forecast areas as sompared to the rainfall for 
the two previous examples. Figure 9 shows the results of 
one of the heavy rainfall situations analyzed by Rubin 
and Lott. Figure 10 shows a comparison of a 12-hour 
forecast of heavy rain areas with the observed rainfall. 
The 12-hour forecast is made by combining the forecast 
areas from two consecutive 6-hour forecasts. 

The correspondence of the areas is fairly good consider- 
ing the inaccuracies in the trajectories and the limitations 
in determining the original temperature and moisture 
fields. Forecasts shown in figures 7D and 8D were made 
using 850- and 700-mb. cherts plotted on a scale of 
1:12,500,000. A large-scale map increases the precision 
with which the trajectories can be drawn which in turn 
might improve the correspondence between the forecast 
and observed rainfall. Figure 9 was made using charts 
with a ratio of 1:5,000,000. This perhaps accounts for 
the better correspondence. (All maps are reproduced here 
on the same scale.) 

A more definite quantitative forecast cannot be made 
until the effects of the gradient of the differential tempera- 
ture advection parameter, and the relative importance of 
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FiouRe 11.—Forecast parameters (A—differential temperature advection, B—dewpoint, C—stability) superimposed on isohyets of observed rainfall (thin solid lines), 0300-0900 om, 
April 29, 1953. ‘These parameters based on forecast trajectories. 


Ficure 12.—Forecast parameters (A—differential temperature advection, B—dewpoint, C—stability) superimposed on isohyets of observed rainfall (thin solid lines), 0900-1500 cmt, 
April 29, 1953. These parameters based on forecast trajectories. 


the other two parameters, are determined. However, it 
seems the forecasting of the approximate areas of heavy 
precipitation would be useful to some interests. 


COMPARISON OF THE PARAMETERS DETERMINED FROM FORECAST TRAJEC- 
TORIES AND FROM OBSERVED TRAJECTORIES 


A comparison of the parameters forecast from the 
trajectory method and those computed from observed 
streamlines and their relation to the rainfall pattern has 
been made by Rubin [8]. The results that follow in this 
subsection were extracted from her paper. 

Exceedingly heavy rain fell over the northern two-thirds 
of Louisiana, eastern Texas, and southwestern Mississippi 
on April 28-29, 1953, Many of the values reported were 
new 24-hr. records, 12.77 inches at Pollock in central 
Louisiana on the 29th, 12.54 inches at Camp Polk on the 


same date. In Mississippi, Vicksburg reported the heav- 
iest 12-hour rainfall of record, 8.73 inches, between 3:10 
a.m. and 3:00 p.m. on the 29th. High winds accompa- 
nied the heavy rainfall, and a tornado was reported in 
northern Louisiana just after midnight of the 28th, This 
situation was used to test the trajectory method for the 
short-period forecast of heavy rains. 

The axis of the differential temperature advection 
pattern (fig. 11) at 850-mb. for the first 6-hour forecast 
period of the April 28-29 storm was coincident with the 
axis of the northeastern part of the precipitation area for 
the same time. Westward, however, the axis of the 
differential advection pattern became increasingly east- 
west. Nevertheless, almost the entire precipitation area 
lay within the area of warm differential temperature 
advection. A flaw in the pattern was the center of warm 
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Fiaure 13.—Forecast parameters (A—differential temperature advection, B—dewpoint, C—stability) superimposed on isohyets of observed rainfall (thin solid lines), 0300-0900 amr, 
April 29, 1953. These parameters based on observed trajectories for the period. Compare with figure 11. 


differential advection in the Gulf, south of the edge of the 
rainarea. Although the greatest part of the precipitation 
area lay within the +1 limit of the stability parameter, 
a part of the area was cut off. The moisture pattern 
(dewpoint parameter) forecast for the first period agreed 
well with the precipitation pattern. 

For the second 6-hour forecast period, the axis of the 
differential temperature advection (fig. 12) was coincident 
with that of the eastern half of the precipitation pattern. 
Although the axis of the western part of the differential 
advection pattern turned slightly north of west while the 
axis of the precipitation was slightly south of west, the 
entire precipitation area for this period was within the area 
of warm differential temperature advection. The agree- 
ment was closer than in the first period. The area of 
strong warm differential advection northwest of the rain 
area caused no concern, for it has been observed in previous 
cases that when one center of warm differential advection 
lies upstream from another, the rain will occur with the 
upstream center. The vitiation of the downstream center 
is probably due to a distortion of the upstream tempera- 
tures as a result of the rainfall there. The +1 limit of 
stability bisected the precipitation area for this forecast 
period. Although the moisture pattern for the second 
period indicated a drying-out over part of the precipitation 
area, there was probably an upwelling from below the 
850-mb. level. 

The differential temperature advection was also com- 
puted for the 700-mb. level for both 6-hour periods. In 
the first period there was some warm differential advection 
over the northeastern third of the heavy rain area, while 
there was cold differential advection over the rest of the 
Precipitation area. In the second period there was cold 
differential advection over the entire precipitation area. 

If the basis for the trajectory method is sound, use of 
the actual wind flow for the forecast period should improve 


the verification. As a test, observed trajectories were con- 
structed for the period from 0300 to 0900 Gmr based on 
streamlines at 0300 amr and at 0900 emt, and for the 
period from 0900 to 1500 amr, based on streamlines for 
these two times. The observed trajectories for the first 
6-hour period at the 850-mb. level were then used to advect 
the temperature and dewpoint fields as they existed at 
that level at 0300 amr, and those for 700 mb. were used to 
advect the temperature field at that level. The usual 
procedure was then applied to the advected data to deter- 
mine the 850-mb. differential temperature advection, 
dewpoint, and stability parameters (fig. 13). 

The most significant improvement in the resulting pat- 
tern of differential temperature advection was that the 
center of warm differential advection that appeared over 
the Gulf in the original forecast chart was now situated 
on land, partially overlapping the heavy rain area. Orien- 
tation of the moisture parameter pattern with relation to 
the precipitation pattern was also somewhat improved. 
The errors in the original forecast chart appeared to be 
due primarily to an increase in the speed of the winds that 
was not forecast. Figure 14 shows a comparison of fore- 
cast and observed trajectories. The network actually 
used in projecting temperatures and dewpoints was far 
more dense. The lack of a more perfect pattern on the 
forecast chart based on observed trajectories may be due 
in part to the sparse wind data available. Stronger winds 
than those reported may have occurred between stations. 

The observed trajectories for the second period were 
applied to the 850-mb. temperature field as it was forecast 
for 0900 emt, and the differential temperature advection 
for the second period was computed. Surprisingly, the 
resulting pattern of warm differential advection, figure 15, 
was very much worse than that originally forecast. There 
was no apparent reason for this. 
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Ficuke 14.—Comparison of forecast and observed trajectories, 0300-0900 Gut, April 29, 
1953. 


FORECAST OF DIFFERENTIAL TEMPERATURE 
ADVECTION AND TORNADO OCCURRENCE 


During the course of the study it was noted that re- 
ported tornado occurrences were associated with forecast 
areas of warm differential temperature advection. As a 
step toward determining the value of forecasts of differen- 
tial advection as an aid in tornado forecasting, the tornado 
situation of June 7-9, 1953, was selected for study by 
Bailey [9]. The results presented in this section were 
extracted from his report. 


The differential advection for the approximate time of 
occurrence of the tornadoes of June 7,8, and 9, 1953, was 
computed by the method already outlined. Difficulty 
was experienced in constructing an accurate 850-mb. 
chart far enough westward into the mountainous terrain 
to forecast the differential temperature advection for 
eastern Nebraska on June 7. It was decided to use the 
700-mb. chart for 1500 amr, June 7, and to carry out the 
process exactly as is ordinarily done on the 850-mb. chart. 
The resulting forecast for the 6-hour period centered at 
2200 amr, June 7 (fig. 16), shows good agreement with the 
tornado locations. 


The use of the 700-mb. chart in this example raises the 
question of the generality of results for the Rocky moun- 
tain areas and other localities. Some other cases have 
since been studied by the Hydrometeorological Section 
using the 700-mb. chart when the area of interest was 


Figure 15. Forecast differential temperature advection superimposed on isohyets of 
observed rain (thin solid lines), 0900-1500 cut, April 29, 1953.§ This forecast, based on 
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FiGvRE 16.—Tornado occurrences plotted on field of forecast differential temperature 
advection at 700 mb., 1900 Gat, June 7, to 0100 amt, June 8, 1953. Forecast made from 
chart for 1500 Gat, June 7. 


west of about 95° W. longitude. Results from these cases 
show better correspondence with areas of rainfall than 
use of the 850-mb. charts for the same dates. This in- 
dicates that the 700-mb. chart should be used in areas 
where the 850-mb. chart is near or below the surface. 
However, since low level differential advection is desired, 
the 850-mb. chart is still recommended for areas where it is 
near the gradient wind level or above. 
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FicurE 17.—Tornado occurrences plotted on field of forecast differential temperature 
advection at 850 mb., 0000-0600 amt, June 9, 1953. Forecast made from chart for 1500 
emt, June 8. 


The differential temperature advection was computed 
from the 850-mb. chart 12 hours in advance for the ap- 
proximate time of occurrence of the highly destructive 
tornadoes at Flint, Mich., and nearby areas on June 8, 
1953, and is shown in figure 17. The tornadoes occurred 
within the area of largest values of warm differential ad- 
vection. Even though very small values, which might be 
considered within the error of calculation, are neglected, 
there was an area of rather large warm differential advec- 
tion extending to the south of the area in which the 
tornadoes occurred. 

The forecast of differential advection for the approxi- 
mate time of the tornadoes at Worcester, Mass., and 
nearby areas on June 9, 1953 (fig. 18), shows the largest 
negative values to the southeast of the area of tornado 
occurrence but very nearby. This forecast was made 
from the 850-mb. chart for 1500 emt June 9. This case 
and others in which the computed maximum of future 
warm differential advection occurs near the area of severe 
weather indicates that the method used is not always 
accurate in forecasting the exact location of future storm 
areas. 

Computations of the 850-mb. divergence fields from the 
actual maps for the times of occurrence of the tornadoes 
at Flint, Mich., and Worcester, Mass., have been pre- 
sented by Cressman [10]. His computations showed a line 
of maximum convergence associated with the tornado 
development which agrees approximately with the areas 
of negative differential advection computed above for the 
same times. Therefore, convergence in the lower levels 
is confirmed in this case and is consistent with Gilman’s 
[1] hypothesis for the physical processes involved. 

The results of these three tornado cases are not sufficient 
for drawing definite conclusions. However the Hydro- 


Ficure 18.—Tornado occurrences plotted on field of forecast differential temperature 
advection at 850 mb., 1900 amt, June 9 to 0100 Gut, June 10, 1953. Forecast made from 
chart for 1500 Gat, June 9. 


meteorological Section has made these forecasts on a daily 
basis during much of the 1954 tornado season and most 
cases showed areas of maximum warm differential advec- 
tion within or near the areas in which tornadoes occurred. 
Moreover, other cases, such as that in figure 9A as well 
as several which the Severe Local Storm Center worked 
up while experimenting with this technique, show similar 
results. 

In general the results indicate that the computed 
differential temperature advection usually has the largest 
negative values within the areas of most severe weather. 
It seems that the local maximum of warm differential 
advection is associated with tornado development. How- 
ever it is obvious that this is not the only requirement. 
The absence of latent instability in the atmosphere may 
account for the failure of the warm differential advection 
to act as a trigger mechanism in some cases. The use of 
a 6-hour period for computing the differential advection 
involved a definite timing problem. However, it is 
doubtful that shortening the period would alleviate this 
problem because of the limitations of the temperature 
field analysis with respect to the size of a tornado. At 
best the method would suggest probable areas of tornado 
occurrence when combined with other parameters. 


LIMITATIONS OF THE METHOD 


It should be pointed out that the differential tempera- 
ture advection parameter as defined and used in this paper 
is an average over a period and only where the values are 
large or continue over most of the period will they show 
up as definite centers. Because the moisture and stability 
indices are maxima for the period, occasionally the three 
parameters are not coincident in time and the forecast 
area of heavy rain is larger than the observed. 

There are several points where caution should be used 
in interpreting the sigaificance of the forecast parameters. 
Where warm differential temperature advection is high, 
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with a low stability index, and low dewpoint, care should 
be taken to be sure there is not an extremely moist layer 
just below the 850-mb. level before discounting the 
possibility of heavy rainfall. Examination of the plotted 
raobs will provide the answer. When two separate areas 
of marked warm differential temperature advection, 
moisture, and instability are forecast, one upwind from 
the other, the downwind area does not verify. This is 
not unreasonable, as the temperature field is altered as 
soon as vertical motions begin in the upwind area. This 
shows that until the effects of these various parameters on 
the new temperature field can be determined, the method 
cannot be extended beyond 24-hour periods. One ex- 
planation for its skill in the daily forecasts may be that 
in cases where rainfall moves in regular progression, the 
systems are strong enough to replenish the temperature 
gradients destroyed by the rainfall. In the case where 
progression is irregular, little vertical motion occurs 
upstream to destroy the contrasts. 

The objection may be raised that only the lower levels 
of the atmosphere are being considered. Undoubtedly, 
the inclusion of the surface and the 500-mb. levels would 
be helpful. However, the greatest moisture transport is 
above the gradient level [11] (about 925 mb.) and approxi- 
mately one-half the earth’s atmosphere is below the 500- 
mb. level. Since time is always an important factor in a 
forecast method, the search is always for the best results 
with the least expenditure of time. 


CONCLUSIONS 


From the relations shown in the figures, the basic reason- 
ing of the trajectory method appears to be sound and the 
method of preparing the trajectories fairly accurate. The 
indices of the differential temperature advection, stability, 
and moisture seem to be related to the rainfall mechanism 
although they are not necessarily the only influences. An 
attempt is being made to apply statistical methods to 
determine the relative importance of each factor or com- 
bination of factors in the production of heavy rainfall. 
When this is completed it should be possible to forecast 
areas of heavy rainfall 12 to 18 hours in advance, with a 
more definite indication of intensity. 


The trajectory method lends itself well to a centralized 


forecast unit. Although there is a considerable amount 
of labor involved, it should be pointed out that on many 
days the possibilities of heavy rainfall can be discounted 
for a large part of the United States, by examination of 
the observations. In these cases, trajectories and the 
parameters need be computed for only a small area. As 
each parameter is computed it reduces the area for which 
the other parameters are necessary. When possibilities of 
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heavy rainfall are imminent, the method could be carried 
out stepwise for the 12- to 18-hour and 18- to 24-hour 
periods from each upper-air observation. 
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THE WEATHER AND CIRCULATION OF NOVEMBER 1954’ 


INCLUDING A STUDY OF SOME MAJOR CIRCULATION CHANGES 


HARRY F. HAWKINS, JR, 
Extended Forecast Section, U. S. Weather Bureau, Washington, D. C, 


THE MONTHLY MEAN CIRCULATION PATTERN 


November 1954 was characterized by rather extreme 
storminess over northern oceanic areas. The mean con- 
tours at 700 mb. (fig. 1) show essentially a broad cyclonic 
sweep of westerlies from eastern Asia to the eastern 
Pacific. This current was stronger and farther south than 
normal with heights as much as 280 ft. below normal in 
the northeast Pacific. A similar circulation pattern pre- 
vailed at 200 mb. (fig. 2) accompanied by a belt of westerly 
winds with average speeds of 50 to 55 m. p. s. extending 
from Korea to the mid-Pacific. Cyclones which were both 
numerous and intense, showed a marked tendency to 
rendezvous in the western Gulf of Alaska (see Chart X), 
where sea-level pressures averaged some 8 to 11 mb. below 
normal in a 992-mb. mean Low (Chart XI and inset). 

After traversing the eastern Pacific, the westerlies turned 
quite sharply in anticyclonic fashion over western North 
America where a stronger-than-normal ridge was located. 
(Fig. 1 shows heights 180 ft. above normal in Idaho.) 
Despite the proximity of this ridge, a weak trough main- 
tained off the southern California coast (somewhat similar 
to the pattern of the preceding month [1]). Downstream 
a well-marked trough dominated eastern North America, 
although heights remained above normal through mid- 
latitude sections of the trough. At 200 mb. the mean 
westerly maximum split over central North America, with 
one branch going eastward through James Bay to New- 
foundland, and the other going southeastward from the 
Dakotas to Florida and thence northeastward along the 
east coast to Newfoundland. The principal storm track 
was either through central Canada or along the Canadian- 
United States border (Chart X). However, a number of 
secondaries occurred at lower latitudes in the United 
States and contributed to the sharp trough over the South- 
eastern States. 

Anticyclonic circulation prevailed over the central 
Atlantic (a definite change from the mid-latitude trough 
of October) with a well-marked mean “jet” at higher lati- 
tudes. The mean Low at sea level between southern 
Greenland and Iceland (Chart XI) was both intense (11 
mb. below normal) and persistent throughout November, 


‘See Charts I-X'V following p. 353 for analyzed climatological data for the month. 


as it had also been in October. East of this zone of con- 
centrated westerlies the contours (fig. 1) diverged mark- 
edly to the weak trough in the eastern Atlantic and a 
deeper trough over the central Mediterranean. 

At very high latitudes the polar vortex continued 
stronger than average with heights some 200 ft. below 
normal in Baffin Bay. Below normal heights in the 
Arctic Basin have been a prominent feature of quite a few 
monthly mean maps this year [2]. It remains to be seen 
whether or not the current persistence of above average 
polar westerlies (at 700 mb.) represents a real secular 
trend, a temporary abnormality, or an error in the nor- 
mals at high latitudes due to the scarcity of data in early 
years. 


SOME WORLD WEATHER NOTES 


The prolonged spells of stormy weather which had 
affected the British Isles and, to some extent, central and 
southern Europe (see previous articles in this series) were 
temporarily interrupted in November. The area of 
difluence over the eastern Atlantic was accompanied by 
some interludes of more clement conditions. On Novem- 
ber 18 this reversal was accompanied by a heavy fog over 
southern areas of the British Isles which reduced visibility 
in some places to only 5 yards. However, a return to 
strong cyclonic circulation due to migratory perturbations 
associated with the North Atlantic westerly maximum was 
soon experienced. On November 26, winds of 60 m. p. h. 
and over delayed sailings and caused coastal flooding in 
southwestern counties. This was the onset of a stormy 
period which continued into early December and resulted 
in the sinking of several ships. The combination of heavy 
rains and wind-driven flooding furnished a fitting wet- 
harvest climax to a disastrous summer. 

The typhoon season of 1954 was notably late in getting 
under way but, since its onset, typhoon activity has been 
both frequent and strong. While typhoons in November 
are far from unknown, November 1954 had more than 
the usual two. Indications of these occurrences may be 
seen in figure 1, where & 700-mb. mean Low prevailed over 
the northern Philippines. 

Of additional interest was the first strong “Kona” 
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Fiaure 1.—Mean 700-mb. contours and height departures from normal (both in tens of feet) for October 30 to November 28, 1954. Strong cyclonic circulations and fast westerlies 
were conspicuous over the northern Atlantic and Pacific. Prevalence of ridge conditions over western and well-marked trough over eastern North America were significant fea- 


tures of the local circulation. 


storm in the Hawaiian Islands since 1951. 
turbance gave 13.80 inches of rain at Hilo, Hawaii, from 
November 27 through December 1 and was associated 
with a major change in Pacific circulation at the end of 
November. The sequence of events leading to this de- 
velopment is discussed in more detail in the latter portion 
of this article. 


WEATHER AND ANOMALIES OVER THE UNITED 
STATES 


With the exceptions of central California and the south- 
eastern United States (from central Texas through Penn- 


This dis- 


sylvania and New Jersey) the country was unseasonably 
warm during November (Chart I-B). The center of 
undue warmth was located over the Northern Plains with 
temperatures as much as 12° F. above normal in eastern 
Montana. This mild regime may be attributed to the 
strong southwesterly flow of marine air which entered the 
continent between northern California and northern 
British Columbia. Monthly mean thicknesses (1000-700 
mb.) were above normal over the whole continent except 
the southeastern United States and northeastern Canada 
(chart not shown). In general these characteristics were 
not atypical of the regime usually associated with a Great 
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Basin High and stronger-than-normal westerlies to its 
north. 

In such cases above normal temperatures frequently 
extend to the New England coast. And, as in this month, 
cold cP outbreaks are rather infrequent and most apt to 
affect only eastern United States areas. The surges of 
maritime air and resulting Basin Highs are indicated on 
Chart IX, as are the glancing cP Highs (exception, the 
early period outbreak over the Plains). As might be 
anticipated this modified maritime air usually produces 
below normal temperatures only in lower latitudes at this 
season. Thus the southeastern United States, under the 
upper-level trough, was quite consistently the coldest area 
in the Nation relative to normal. 

Basin High patterns frequently show near to below 
normal temperatures in or near the high pressure centers. 
These result from an excess of outgoing radiation, accom- 
panied by low minima and, with high albedo when snow 
cover is extensive, depressed maxima. Occasionally a 
similar effect is observed when a radiation fog is slow to 
burn off and sharply reduces the maxima although the 
minima may remain above normal. The characteristic 
“radiation pocket”’ has been rather uncommon in recent 
years, and the anomaly of this November, showing below 
normal temperatures in California, appears to be asso- 
ciated with this latter type of mechanism. Below normal 
temperatures did not occur in the mean High center (in 
Idaho) but rather in the protected terrain of the Central 
Valley of California where air movement was quite slow. 
Fogs were frequent and slow in burning off. Once the 
air was chilled, lack of air movement permitted the regime 
to be almost self-propagating. When destroyed, the situa- 
tion returned again as the preferred pattern again became 
effective. In a local extension of this stagnant regime 
during November fog, smog, and haze were particularly 
offensive in the southern California coastal region from 
the 24th to the 28th. Most of some 2,000 traffic acci- 
dents reported during this 5-day period were attributed 
to the poor visibility. 

Despite the ridge aloft over the Great Basin, precipita- 
tion was adequate over the Far West. In the north, the 
west-southwesterly flow of marine air gave the coastal 
States moderate to heavy amounts. Precipitation of note 
also occurred in California, Nevada, and Colorado due to 
cyclonic activity associated with the California coastal 
trough. However, in widespread areas east of the ridge, 
where the dry northwesterly flow was also subject to 
foehn influence, precipitation was significantly less than 
normal. 

From Arizona east-northeastward across the Panhandle 
through Indiana precipitation was less than half of normal. 
Statewide averages showed these percentages: Arizona, 13; 
New Mexico, 15; Oklahoma, 14; Kansas, 1; Nebraska, 14; 
Iowa, 15; Missouri, 34; Arkansas, 37; Illinois and Indi- 
ana, each 49. Thus the drought (see previous articles) 
continued unbroken in the Central Plains. 

In the East, on the other hand, additional recovery 


MONTHLY WEATHER REVIEW 


77 
: 
Z 
4 i / - 4 | 
SS 
= 
' 
" 1}! o ~ 
‘ 
4 ‘ “4 
\ 
pw 
/ 
10 
/ "30 Ww 


FIGURE 2.— Mean 200-mb. contours (in hundreds of feet) and isotachs (dashed, in meters 
per second) for October 30 to November 28, 1954. Solid arrows indicate axes of 
monthly “‘mean jet stream’’. Well-marked Pacific maximum s; and the split 
jet over central North America are interesting features although the pattern is essen- 
tially similar to figure 1. 


from summer rainfall deficiencies was made. Under and 
east of the trough aloft precipitation ranged from about 
75 percent of normal to 150 percent of the normal amounts 
over and east of the Appalachians. In addition Alabama 
and Mississippi received respectively, 75 and 86 percent 
of their normal November precipitation. As an oddity, 
Key West, Fla., received 18.33 inches of precipitation in 
24 hours on the 13th, due apparently to easterly wave 
instability in combination with a weak frontal discon- 
tinuity. 

In general, the anomalies of temperature and precipita- 
tion over the United States showed a marked tendency 
to reverse from those observed in October. This has 
been a frequent phenomenon in recent years [3] but in this 
case the reversal was accompanied by changes in the hemi- 
spheric wave patterns mainly at middle and not at high 
latitudes. Nevertheless there were a series of changes 
which took place in the latter half of November and early 
December which were noteworthy in themselves as well 
as in other contexts [4]. The last part of this article is 
concerned with these changes and an adjacent article by 
Hughes and Foster discusses in detail some of these 
changes as they related to tropopause behavior over 
western United States and Canada. 


CIRCULATION CHANGES OF LATTER NOVEMBER 
THROUGH EARLY DECEMBER—INCLUDING SOME 
CONCURRENT SOLAR DATA 


Between the periods November 13-17 and December 
4-8 there occurred a series of marked changes in the hemi- 
spheric circulation pattern involving sharp reversals in 
the phase and/or the amplitude of the wave pattern. In 
one case the change in height at 700 mb. was of a magni- 
tude unequaled in the available record. While the transi- 
tions appear to be to some extent explainable with existing 
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Fiours 3.—Five-day mean contours at 700 mb. (in tens of feet) for periods one week apart, October 30-December 8, 1954. Note changes which appeared near Novaya Zemlya (Nov. 
20-24), over the Central Pacific (Nov. 27-Dec. 1), and over the Atlantic (Dee. 4-8). 
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knowledge of synoptic meteorology, the rationalization is 
far from simple and satisfactory. Apparently a baro- 
tropic mechanism alone is insufficient to explain the 
evolutions, and application of more complex systems with- 
out high speed computors is not practicable at present. 
In view of recent attempts to relate solar influences to 
meteorological events, an inspection of the variations in a 
few of the contemporary solar indices has been made. 
While some appreciable solar variations are discernible, 
their influence on the meteorological events which tran- 
spired is highly questionable. 

The following discussion of the problem is divided into 
three parts: A. Description of early November circulation 
and its evolution, B. Description of the circulation changes 
with an attempted rationalization, and C. Solar variations. 
The basic data showing the changes of interest are given 
in figures 3 and 4, the 5-day mean contour patterns at 
700 mb. and their departure from normal, one week 
apart, (no overlapping data) from October 30 through 
December 8. 


A. EARLY NOVEMBER CIRCULATION AND EVOLUTION 


The following transitions may be pointed out: 

1. A fast, small-amplitude westerly pattern over the 
Pacific gradually intensified with the westerlies sharply 
peaked and south of their normal position by November 
13-17. The mean departure from normal clearly indicates 
the abnormality inherent in this pattern. 

2. Over North America there occurred a gradual relaxa- 
tion of the large-amplitude ridge-trough conditions of 
Oct. 30—Nov. 3, as the westerlies of the Pacific gradually 
spread their influence downstream and lower latitude 
elements of the wave pattern moved eastward. 

3. A somewhat similar relaxation and eastward dis- 
placement of the ridge-trough system was noted over the 
Atlantic during the same time (Oct. 30—Nov. 10). 

4. Asia was the site of moderate westerly flow (50°-60° 
N.) with the development of a deep vortex near Novaya 
Zemlya, following ridge intensification in the eastern 
Atlantic (Nov. 6-10). In addition, there occurred a 
slow retrogression and marked buildup of a warm block- 
ing High north of the Bering Straits. Initially this could 
hardly be classified as a blocking phenomenon. The 
marked intensification of the High, which strengthened 
quite steadily from the 8th through the 13th, resulted in 
a significant block and contributed to the suppression of 
the Pacific westerlies noted above. 


B. MAJOR CIRCULATION CHANGES OF LATE NOVEMBER-EARLY DECEMBER 


In the course of the succeeding three weeks (following 
Nov. 13-17) some very pronounced changes in the hemi- 
spheric pattern took place. 

1. First week.—During November 20-24 blocking was 
centered south of Novaya Zemlya, a marked reversal in 
circulation from the preceding week. This block ap- 
peared to be a merger of the Bering Sea High and the 
Atlantic ridge, with the latter apparently making the 
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major contribution. However, retrogression of the Bering 
Sea High permitted northerly winds from the Arctic 
Basin to pour cold air into the Aleutian Low, thus further 
intensifying an already strong mid-latitude vortex. 
From this area (Central Pacific) a straightforward dis- 
persion of energy downstream would seem to account 
for the amplified United States-Atlantic wave pattern. 
Height anomalies for November 20-24 are shown in 
figure 4 and the changes in mean heights from the period 
November 13-17 are shown in figure 5. The preceding 
phenomena can be readily identified on these charts while 
the changes involved in initiation of the polar vortex are 
most marked in figure 5. 


2. Second week.—From the period November 20-24 to 
November 27—December 1 the Central Pacific experienced 
the largest change in 5-day mean heights (one week apart 
in time) noted anywhere in the Northern Hemisphere 
since records became available in December 1947. The 
reversal from an 8,600-ft. Low (Nov. 20-24) to the 10,500- 
ft. High (Nov. 27—Dec. 1) was a complete change in phase 
of the wave pattern and involved height changes of over 
1,860 ft. (in 5-day mean)! These were some 300 ft. larger 
than any previous changes of record. Rationalization 
of this event might follow these lines: The strong block 
of western Asia certainly favored trough activity well to 
the west of the existing central Pacific vortex. As the 
trough developed along the northeastern Asiatic coast, a 
strong High moved eastward off the coast and, supported 
by the new, more favorable vorticity flux from upstream, 
split the strong westerlies of the mid-Pacific. Cool air at 
low latitudes developed into an intense Kona storm which 
inundated parts of the Hawaiian Islands. This low- 
latitude disturbance in turn furnished warm air and 
dynamic support for the ridge to its north. 

As might be anticipated, this “‘about face” in the Pacific 
was accompanied by immediate adjustments downstream. 
In the course of one week the warm stable ridge along the 
west coast of North America which had persisted for many 
weeks (see adjacent article) was replaced by a much colder 
northwesterly flow, much of it cyclonic in character. The 
upstream changes in the Pacific seem to answer, but to 
remove by one step only, the more immediate reasons for 
the changes over western North America. 


From mid-United States through the eastern Atlantic 
this period (Nov. 27—Dec. 1) was marked by a flattening 
of the wave pattern, in part due to the cessation of any 
supporting vorticity flux from upstream for the previous 
standing-wave pattern. The result was a strong band of 
mid-latitude westerlies, supported by confluence over 
eastern North America, but perilously long and flat in 
terms of a subjective evaluation of their inherent stability 
of flow. 


In figure 4, the height departure from normal for No- 
vember 27—December 1 highlights the further intensifica- 
tion of the polar Low, the anticyclonic wedge which re- 
placed the Pacific vortex of the previous week, and circu- 
lation abnormalities from mid-United States through the 
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Ficure 4.—Height departures from normal (in tens of feet) accompanying patterns shown in figure 3. From November 13 through Dec. 8 the polar vortex intensified and the west 
§ erlies were displaced northward as circulation reversals proceeded progressively from Novaya Zemlya (Nov. 20-24) through the central Pacific (Nov. 27-Dec. 1) to the Atlantic 
(Dee, 4-8). 
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Figure 5.—Total height changes (in tens of feet) from the period November 13-17 to 
the periods November 20-24, November 27-December 1, and December 4-8, showing 
the progression of the major pattern readjustments and the total changes accompany- 
ing the sequence. 


Atlantic which were opposite to those of the period Nov. 
13-17. In figure 5 the height change between the Novem- 
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ber 13-17 and November 27-December 1 5-day means 
are shown on the middle map and reflect most of the fea- 
tures already discussed. 

8. Third week—The period December 4-8 is the final 
stage considered in this series. The most significant 
development was a sudden buckling of the Atlantic 
westerlies (one week height changes of over 1,200 ft.) 
and the partial relaxation of blocking conditions northeast 
of the Caspian Sea. Other features of interest include: 
(1) Further intensification of the Asiastic coastal trough, 
(2) Development of a strong trough off the west coast 
of North America in phase with Pacific vorticity flux, 
(3) Increasingly anticyclonic circulation over west- 
central North America as upstream features extended 
their influence downstream, (4) Trough intensification 
along the eastern coast of the United States, (5) Strong 
trough from southern Scandinavia southeastward, and 
(6) Perpetuation of the strong polar vortex. Comparison 
of these features with the normal state is shown in figure 4 
and the changes from November 13-17 are given in 
figure 5. 

In summation.—The block which became established 
over northwestern Russia during November 20-24 appears 
to have been out of phase with a vigorous Pacific circula- 
tion. Reactions in the Pacific were both rapid and un- 
usually intense, with implications that more than baro- 
tropic influences were instrumental in subsequent evolu- 
tion. Both North America and (even more markedly) 
the Atlantic underwent greater than normal fluctuations 
as readjustment proceeded downstream. The net change 
(fig. 5) was a marked intensification and contraction of 
the circumpolar vortex, with the major westerlies shifting 
northward and with cutoff or semi-cutoff vortices be- 
coming established at middle and lower latitudes. 


C. SOLAR VARIATIONS 


It is expected that solar activity probably reached what 
will be regarded as the intercycle minimum some time 
between May and July 1954 [5]. In consequence, spotted- 
ness was rare, at relatively high solar latitudes, and 
accompanied by no sudden ionospheric disturbances. 
In table 1 are listed the relative sunspot numbers, the 
daily sums of the Cheltenham 3-hr K indices of geo- 
magnetic disturbance, and the Mt. Wilson K, index 
(apparent area of K, flocculi) [6] which correlate quite 
highly with relative sunspot numbers. The geomagnetic 
character figures from Cheltenham failed to reveal any 
storms with 3-hour intensity greater than 5 (storms of 
intensity 5 occurred on the 2d and 30th). For November 
they appear inversely arrayed when compared to sun- 
spot numbers. 

The usual relation of K, index to sunspot number is 
apparent in this array. However, the variations in 
sunspot number are probably the most striking aspect 
of the data. The obvious question is whether such short 
term variations in spottedness could possibly effect, in 
miniature, responses similar to those longer term effects 
indicated by studies in this field [7, 8, 9]. Also, with what 
time lag might the responses be expected? 
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1.—I ndices of solar activity, October 24 
to December 8, 1954 


Daily sums of | Mt. Wilson Ks 
Date rel- |Cheltenham 3-hr.| index 1/10,000 
ative sunspot! index of geomag-| of solar hemi- 
numbers netic disturbance sphere) 
1954 

8 33 31 
25 23 ll 
26 7 18 15 
27 0 21 15 
2B 0 12 12 
29 0 0 
30 0 21 2 
31 0 19 0 
Nov. 1 0 30 10 
2 0 25 4 
3 0 22 t “4 
4 0 13 20 
5 0 15 20 
6 7 13 25 
7 19 

9 12 30 

12 38 15 20 
13 37 13 71 
“4 23 ll 72 

15 Bin 9 (ih. 
16 7 0 51 
17 7 36 
18 7 13 30 
19 7 17 33 
20 0 20 27 
21 0 17 27 
22 0 16 0 
23 0 20 0 
0 12 0 
25 0 15 14 
26 0 13 5 
27 0 14 9 
23 0 12 8 
29 0 16 9 
30 0 20 10 
Dec. 1 0 12 5 
2 0 4 10 

qd 0 7 14 
5 0 y 14 

7 0 16 20 
8 6 9 20 


In general, no compelling correspondence was found 
with either the January sunspot maximum minus sunspot 
minimum maps of Wexler [7] or with Willett’s description 
of general behavior expected at analogous phases in the 
cycle [8]. The latter may be due to the fact that this 
small-term cycle may have no direct counterpart in 
Willett’s description of the long-term cycle. It is perti- 
nent to note that a somewhat similar cycle in spottedness 
was also noted in October 1954 but with a less pronounced 
maximum (24 on Oct. 16). 

This brief recital hardly exhausts the list of solar criteria, 
nor can the lack of similarity in reaction to those responses 
cited by others be taken as indicative of either the reality 
or unreality of atmospheric response to solar stimuli. 
One can only point out that, following some interesting 
evidences of increasing solar activity, a major block was 
set up in northwestern Asia. In the gross sense this 
type of activity was the sort of response which is expected 
to accompany these solar changes. However, many 
details of the patterns showed little or only fleeting 
resemblance to the more “‘typical’’ changes. 

A recent paper by Namias [10] investigates an analogous 
problem, i. e., evaluating weather pattern evolution rel- 
ative to solar activity (flares). In his case more obvious 
mechanisms to account for atmospheric changes were 
available. This comes to a very timely point. It seems 
to the writer that one use to which the numerically com- 
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puted prognostic charts can be put is to gage the rarity 
or complexity of circulation changes. Presumably, with 
forecasts based on the current circulation models one 
could tell what part of the changes discussed previously 
were barotropic and what part baroclinic. Such numer- 
ical forecasts will at least indicate what proportion of the 
shorter-term changes are due to certain processes. After 
some experience of this nature has been accumulated one 
will be much better equipped to judge whether there is 
any necessity at all to look farther afield than extensions 
of the prediction models themselves in the evaluation of 
singular meteorological phenomena. This would not of 
necessity, apply to longer, more slowly impressed charac- 
teristics, gradually cumulative in nature and which may 
indeed be the type associated with long- rather than 
short-term solar influences. 
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THE TROPOPAUSE DURING A MAJOR CHANGE IN CIRCULATION 
OVER THE WESTERN UNITED STATES, NOVEMBER 25 TO 28, 1954 


GROVER D. HUGHES AND ROBERT I. FOSTER 


WBAN Analysis Center, U. S. Weather Bureau, Washington, D. C. 


INTRODUCTION 


Due to the growing interest in the tropopause chart, it 
is felt that a detailed study of tropopause behavior during 
an outstanding synoptic situation would be an interesting 
contribution. During the latter part of November 1954 
there were rapid changes in the long wave pattern over 
the Western Hemisphere. A feature of particular interest 
noted during this period was the rapid (3-day) replacement 
of the long wave ridge aloft over western North America 
by a trough. At the surface, a warm High over the West 
was replaced by moving Lows and cold Highs with frontal 
systems migrating southward to the Mexican border which 
resulted in colder weather throughout the West. This 
paper emphasizes changes in the tropopause during this 
period with secondary emphasis on the relationship of the 
tropopause to other upper air features and to surface 
conditions. 


DEFINITION AND DISCUSSION OF TROPOPAUSE 


Due to numerous flights into the stratosphere during 
the last decade, and to the more dense radiosonde and 
rawinsonde networks, there has been an opportunity for 
a more detailed analysis of that zone between the tropo- 
sphere and the stratosphere. This zone or boundary is 
commonly called the tropopause. In the troposphere the 
temperature generelly decreases with height, while in the 
lower stratosphere it is quite often constant or increases 
with height. Frequently the change from tropospheric 
lapse rate to stratospheric lapse rate is so gradual that it 
is impossible to determine the point of stabilization. In 
order to keep the analyses of the tropopause charts as 
objective as possible, WBAN Analysis Center has adopted 
the definition of the tropopause point agreed upon by the 
World Meteorological Organization [1]. The predominant 
tropopause is found at the lowest point in the sounding 
where the lapse rate decreases to 2° C. or less per kilometer 
and averages 2° C. or less per kilometer for the first 2 
kilometers above the point of stabilization. Frequently 
several such stabilization points are found on a sounding, 
in which case the lower point is considered the predomi- 
nant tropopause. Points which do not meet the definition 
of a tropopause, but show stabilization as well as satisfying 
the requirement that the lapse rate be 3° C. per kilometer 


less than the layer immediately below are called significant 
points. Strict compliance to these definitions is not 
always practical and deviations for the sake of continuity 
are often necessary. 

The potential temperature along a tropopause surface 
is conservative with respect to time, and generally con- 
servative (15°-20° C.) with respect to space. Many 
authors have typed or named tropopauses with respect to 
their potential temperatures. Such titles as Arctic, polar, 
extratropical, and tropical have been suggested. The 
tropical tropopause with a potential temperature near 
400° A. seems to be the only one for which there is uniform 
agreement. 
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Fiocure 1.—500-mb. time cross section [3] at 50° N. latitude for November 16-28, 1954. 
Contours in hundreds of feet. The two heavy dashed vertical lines represent the coast 
lines of North America at 50° N. latitude, the left border Japan, and the right border 
England. Heavy shading indicates areas of low heights and dashed lines indicate move- 
ment of minor troughs. Light shading indicates areas of high heights and zig-zag lines 
the movement of minor ridges. Note rather stationary major ridge over western North 
America until the 26th with minor ridges moving from the Pacific and reaching maxi- 
mum intensity in this favorable area. A good Pacific trough moved across the west 
coast on the 27th and in the Eastern Pacific a major ridge replaced a trough that had been 
in that position for 30 days (only 7 of these days show on chart). 
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Ficure 2.—-200-mb. contours in hundreds of feet and jet streams (heavy lines), for 0300 
emt, November 25 (solid) and 0300 amt, November 28, 1954 (dashed). Dotted line 
represents position of cross sections. 


The generally accepted explanation of the difference in 
lapse rates between the troposphere and stratosphere is 
that the troposphere is a region in which the turbulent 
transfer of heat upward is dominant, while the strato- 
sphere is a region of radiative balance [2]. There are many 
other hypotheses concerning the theoretical explanation 
of the tropopause; however, we will not attempt further 
discussion on this controversial subject. 


A CHANGE IN CIRCULATION 


During the middle of October a mean ridge existed over 
the central United States with a trough along the west 
coast. On October 23 the ridge retrograded to a position 
over the Western States, while the trough moved west- 
ward into the Pacific Ocean. For the next 30 days, the 
ridge and the trough remained practically stationary. 
The latter part of this stationary period is shown on the 
500-mb. time cross section [3] as the relatively high heights 
over the Western States (fig. 1). Of course, minor troughs 
moved regularly through the mean ridge position, but 
weakened perceptibly while doing so. 

From November 23 to 28, there occurred a very rapid 
retrogression of the western ridge. During this interval 
the mean ridge actually replaced the mean trough that 
had previously existed over the Pacific. The events that 
led to this major change were the successive intensification 
and weakening of the rapidly moving minor troughs and 
ridges. First, the ridge over the West moved eastward 
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FIGURE 3.—500-mb. space mean contours [5, 6] in hundreds of feet and trajectory of relative 
cyclonic vorticity centers (heavy arrows). Solid lines, both contours and trajectories, 
for 0300 Gt November 25 and dashed lines for 0300 gmt, November 28, 1954. The dot 
and square are positions of a cyclonic vorticity center at map time while arrow heads 
show past and succeeding 12-hour positions. 


and weakened. Simultaneously, a trough from the Pacific 
moved across the west coast with considerably more 
intensity than any during the previous 30-day period. 
This trough intensified and reached a maximum depth over 
the central United States. Previous troughs had reached 
their maximum intensity over the east coast. The first 
step in the retrogression process was the rapid intensifica- 
tion of a minor Pacific ridge reaching its maximum inten- 
sity in the eastern Pacific. Thus, during this brief period, 
the Pacific trough was replaced by a ridge, and the ridge 
over the western United States was replaced by cyclonic 
flow (figs. 2 and 3). For a more complete study of the 
major circulation see preceding article by Hawkins [4]. 


CHANGES IN THE TROPOPAUSE 


Vertical cross sections are the most convenient tool in 
a tropopause analysis. For convenience in cross section 
analysis it is important that the wind field be perpendic- 
ular to the cross section in order to avoid the task of com- 
puting perpendicular components of these vectors. A 
selected cross section from San Diego, Calif. to Churchill, 
Manitoba, Canada, met this requirement very well. Fig- 
ures 2 and 3 indicate how the flow changed from anti- 
cyclonic to cyclonic but remained essentially perpendic- 
ular to this cross section. 

At 0300 amr November 25, a warm ridge aloft (figs. 
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Ficurg 4.—Surface chart for 0030 amt and tropopause break line (dotted) for 0300 emt, 
November 25, 1954. Shading indicates areas of active precipitation. 


2 and 3) covered western North America. At the surface 
(fig. 4) pressures were also high with a warm cell over the 
Plateau, a cool maritime Pacific ridge over southwestern 
Canada and a polar High over central Canada. A dissi- 
pating warm type occlusion separated the mP ridge from 
the cP High. The remains of the upper cold front asso- 
ciated with the dissipating occlusion appeared on the cross 
section over Glasgow, Mont. (fig. 5). The Arctic tropo- 
pause with a potential temperature from 310° to 325° A. 
existed near 300 mb. and extended as far south as The 
Pas, Manitoba, Canada, where its relationship with the 
upper front became diffuse. Above the southern edge of 
the Arctic tropopause there was a weak jet core. This jet 
corresponds to the tropopause break-line in figure 4, 
Just above the jet core near 200 mb. were found the first 
of two polar tropopause leaves (fig. 5). The lower polar 
leaf with a potential temperature near 335° A. appeared 
to lie directly through a strong jet core over Great Falls, 
Mont., and extended southward to Salt Lake City, Utah, 
where there was another tropopause break-line (fig. 4). 
The upper polar leaf near 150 mb. with a potential tempera- 
ture of 344° to 370° A. extended southward to off the 
California coast and showed considerable overlap (fig. 5). 
The tropical tropopause near 100 mb. with a potential 
temperature of about 400° A. extended from Great Falls 
southward. The cross section does not extend far enough 
south to show the southern limits of the upper polar leaf. 
Continuity from previous upper air charts indicates that 
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there was a high level jet over Baja California at the 
supposed break-line between the polar and tropical 
tropopauses. 


The cross section for 1500 amr, November 25 (fig. 6) 
shows the remains of the quasi-stationary front reaching 
the ground near Havre, Mont. This front, located in the 
lee-of-the-mountains trough, also shows up on figure 5. 
The upper cold front that was approaching Great Falls 
moved eastward out of the cross section; however the 
frontal zone still existed aloft over Canada. An approach- 
ing minor upper level trough caused the upper level winds 
over Canada to shift from northwest to west. At the 
same time, the minor jet in the vicinity of The Pas, the 
northern edge of the polar tropopause, and the southern 
limit of the Arctic tropopause all moved northward. The 
northern limits of the upper polar and tropical tropopauses 
also moved northward. The main jet located over 
Montana moved slightly southward. The polar leaf still 
appeared to lie through the jet core and extended rather 
weakly all the way to California. 


By 0030 cmr on the 26th (fig. 12) a new surge of mP 
air moved into the northern Rockies accompanied by a 
deepening minor trough aloft. Figure 7 shows the deep- 
ening cold air from Ely, Nev., to Glasgow and the warm 
type occlusion over The Pas. An old upper cold front lay 
parallel to and east of the cross section over the Northern 
Plains (not shown on surface chart.) Over Coral Harbour, 
District of Keewatin, Canada (915) the remains of the 
Arctic tropopause could barely be found. However, 
there was a well-defined polar tropopause point at 300 
mb. A remarkable feature on this cross section is that 
the strong upper polar leaf previously found at 150 mb. 
(fig. 6) was now very weak while the tropical tropopause 
had strengthened and extended much farther north. 
These changes appear to have been a part of the large 
scale process whereby old polar-Low stratospheric air at 
high levels over the Southwest was assuming the charac- 
teristics of tropical air through modification and advec- 
tion. 

The mP air deepened and continued to move eastward 
onto the Northern Plains by 1500 emr of the 26th. The 
cross section for this time (fig. 8) shows the surface front 
was approaching Las Vegas, Nev. and the cold air had 
deepened to the top of the troposphere over Saskatchewan, 
Canada. The jet core continued to move southward and 
to a lower elevation. Following the deepening of the cold 
air over the northern Rockies, the jet strengthened con- 
siderably with maximum winds increasing in 12 hours from 
near 130 knots to 160 knots and simultaneously the lower 
polar tropopause appeared to break. The northern part 
of this leaf sloped to lower elevation to the south and 
merged with the lower boundary of the cold front. The 
southern half of the polar tropopause had intensified and 
extended to California. 


By 0030 emt, November 27 (fig. 13) an mP High had 
broken off from the Pacific High and was located over the 
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Fiaurz 7.—Cross section at 0300 out, November 26, 1954. Cold dome from Ely to Glasgow with occlusion in Canada. Upper front is not associated with warm occlusion but is 
the remains of systems farther east. Note that the analysis neglects the 250-mb. wind at Great Falls. The angle of elevation was so small that the sounding was incomplete for 
the next 10,000 feet and since a high velocity would be completely incompatible with the thermal field disregard of the report is believed to be justified. 


Fiouse 6.—Cross section at 1500 cmt, November 25, 1954. Warm front reaches ground near Glasgow, Upper front is remains of system to the east of cross section. 
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Fiaure 8.—Oross section at 1500 amr, November 26, 1954. Note that cold air over Wyoming and Montana is now quite deep and polar tropopause is starting to split near the Ce- 
nadian border, That portion of the polar tropopause from Lander to Glasgow lying through the jet core is untenable and disappears during the next 12 hours. An alternata 


analysis would be to Join the tropopause at 300 mb. from The Pas to Glasgow and consider that a new lower tropopause is forming near the front. 
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Ficure 9.—Cross section at 0300 Gut, November 27, 1954. Now all of the troposphere north of the cold front has cooled and the fracture of the tropopause continues in the vieinity 
of the jet core. To the south of the jet core a new tropopause is forming near the 250-mb. level while the old one at 300 mb. weakens. 
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FiovRE 10.—Cross section at 1500 emt, November 27, 1954. New fast moving occlusion just enters cross section near Great Falls. Old tropopause over the Southwest at 300 mb, 
has disappeared. 


Plateau. The cold front continued to move slowly 
southward and there was still evidence of the double 
frontal zone over the northern Rockies (fig. 9). The jet 
continued to intensify with maximum winds then near 
180 knots. It was then 12 hours after the fracturing of 
the tropopause that had lain through the intensifying jet. 
The southern part of this tropopause (at 300 mb.) had 
weakened considerably, while a new one formed just above 
it at 250 mb. The potential temperature of the new leaf 
was about 5° warmer than that of the weakening one. A 
study of the soundings indicates that these changes were 
neither dry nor moist adiabatic and thus were not a result 
of vertical motions and so must have been due mainly to 
advective processes since radiative modifying processes 
are at present considered to be too slow to give temper- 
ature changes of this magnitude in this small time interval. 

By 1500 emr on the 27th a new mP occlusion moved 
into the Northwest and just barely shows on the cross 
section (fig. 10) at Glasgow and Great Falls. The surface 
High over the Plateau weakened while the cold front in 
southern California became quasi-stationary. Aloft, the 
jet core continued its slow drift to the south and to lower 
elevations. The split in the Polar tropopause was now 
completed with the southerly leaf at 250 mb. well estab- 
lished while the old one, formerly at 300 mb., completely 
disappeared. For the first time in two days there seemed 
to be changes taking place in the tropical tropopause 

3266883—55——8 


which had formerly maintained a horizontal position at 
100 mb. However, it now broke into three leaves sloping 
downward to the north. 

The surface occlusion moved rapidly southeastward and 
by 0030 emt, November 28 (fig. 14) covered most of the 
Rockies and had practically caught up with the previous 
surface cold front. In fact, the occlusion and the old cold 
front appeared as one over southern California (fig. 11). 
The fresh cold air brought into the region had reintensified 
the jet so that winds of over 180 knots were probable in 
the core. Again the core had moved south and to a 
lower elevation. The polar tropopause to the north was 
unchanged but the southern leaf continued to rise. Dur- 
ing the last 24 hours it had risen from 300 mb to near the 
200-mb. level with its potential temperature warming 
about 10°. Actually the above process was the result of 
reformation at a higher level during the first 12 hours and 
apparent rising the next 12 hours. 

A review of this analysis of tropopause behavior shows 
the following: At the start of the period, with warm ridge 
conditions aloft and a cP High at the surface, an Arctic 
tropopause existed over Canada; then as the ridge aloft 
weakened, mP air replaced cP air over Canada and the 
Arctic tropopause disappeared leaving ouly polar and 
tropical tropopauses; next, with continued weakening of 
the ridge aloft, mP air moved farther south in the Western 
States; and finally, when trough conditions aloft did exist 
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Fiavre 12.—Surface chart for 0030 amt and tropopause break-line for 0300 omrt, 


November 26, 1954. 
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FiGURE 13.—Surface chart for 0030 GMT and tropopause break-line for 0300 amr, 


November 27, 1954. 


Figure 14.—Surface chart for 0030 aut and tropopause break-line for 0300 emt, 
November 28, 1954, 


over the West, the mP air deepened throughout the 
troposphere, the jet stream associated with the mP air 
strengthened, and the polar tropopause split with its 
southern leaf gradually rising and taking on more tropical 
characteristics. 

OTHER RELATIONSHIPS 


In the WBAN Analysis Center relative vorticity at 
the 500-mb. level is computed graphically by the Fjgrtoft 
technique [5,6]. In figure 3 the movement of cyclonic 
vorticity centers in relation to the mean flow is illustrated 
both for the beginning and ending of the 3-day interval. 
With the warm ridge over western North America the 
cyclonic vorticity moved east-northeastward into western 
Canada, At this time the Arctic tropopause was the 
dominant feature in Canada. By the 28th, with cyclonic 
flow over the West, the cyclonic relative vorticity centers 
(of moving systems but not of major troughs) were moving 
east-southeastward toward the Plateau region. At this 
time an intensifying jet was located near Salt Lake City 
and the polar tropopause had split. 

The change in the position of the jet stream at the 200- 
mb. level can readily be seen from figure 2. This is 
representative of the approximate position of the jet 
stream at other levels, but the slope with altitude varies 
as shown in figure 15. Under warm-ridge conditions 
the vertical axis of the jet sloped to the south with altitude. 
With the breakdown of the warm ridge and the influx of 
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Fioure 15.—Cross section for period November 25-28, 1954, showing slope of jet stream axis. Vertical extent of 80-knot isotach is indicated by length of axis. Large dot is jet core 
and arrows indicate movement of core. Note that the weak jet over Canada disappears on the 26th while the main jet over the United States increases in size and force with 
time. An interesting feature is that with warm ridge conditions (November 25), the axis of the jet slopes to the south with altitude while during cold trough conditions (No 


vember 28), the slope is reversed. 


cold air in the troposphere the slope reversed, tilting to 
the north with altitude. As clearly shown by figure 15, 
the core of the jet moved to lower elevations as it moved 
southward. In this particular case, the implication is 
that as the vertical slope of a jet reverses itself going 
from a warm ridge to a cold trough, the horizontal axes 
of jets taken from constant pressure charts will cross 
somewhere near the inflection point of the upper flow. 
The 1000-500-mb. thickness patterns are shown in 
figure 16. They show shrinkage (cooling) of over 1,000 ft. 
during this period for part of the northwestern United 
States. Thickness changes by layers for some of the 
stations along the cross section are tabulated in table 1. 
They show the cooling in the lower layers quite well for 


Great Falls, and Ogden, Utah, with compensation by 4 
change (vertical motions in the upper stratosphere and/or 
advection of warmer or colder air into the layer) in the 
upper troposphere and the stratosphere. The most 
dramatic changes took place at Great Falls. There the 
thickness shrunk 1,190 ft. in the 1000-500-mb. layer and 
950 ft. in the 500-300-mb. layer. This change can be 
accounted for by the complete cooling of the troposphere 
with the passage of a strong cold front. With only an 
80-ft. rise at the 1000-mb. level, there must have beet 
considerable change in thickness above 300 mb. to com- 
pensate for the strong cooling below 300 mb. With only 
an 880-ft. increase in thickness between the 300-mb. and 
100-mb. levels, there is left a change of 1,180 ft. un- 
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TaBLe 1.—Changes in thickness (in tens of feet) of layers above 
selected stations for period 0800 amt, November 25 to 0300 amr, 
November 28, 1954. Change in height for 1000-mb. level 


hurchill, | Great | Las V San 
Mgnitobs, | Falls, | | Ely, Nev. | Diego, 


Mont. Cc 
/ Stations 
0-25 mb. +540 
+410 
25-50 +240 +1180 —140 +60 
+420 
50-100 110 
100-200 —40 +740 +230 
—230 +140 290 —50 —30 —10 
—30 —950 —210 —390° +160 +20 
500-1000 +120 —1190 —940 —420 —50 
1000 mb. —60 +80 —140 —200 —130 —80 
*First transmission missing. 


accounted for above 100 mb. An interesting feature, as 
shown in table 1, is the close relationship between the 
tendency of the 1000—500-mb. layer and that of the layer 
above 100 mb. In the case of Great Falls, these changes 
are practically identical, but with opposite sign. The 
same is true of Las Vegas, and San Diego, but deviates 
somewhat at Ogden, and Churchill. This relationship 
was pointed out by Showalter [7]. 


CONCLUSION 


In the foregoing paper, the tropopause is treated as a 
physical surface embedded in and moving with the atmos- 
phere. The variations in the tropopause and changes in 
other related meteorological parameters are noted as they 
move through a vertical cross section. It is apparent 
that the use of cross sections is necessary for a detailed 
analysis of the many minor tropopause leaves. Thus the 
current practice of tropopause analysis using only a hori- 
zontal chart, is at best a crude solution regardless of the 
care taken in such analysis. 
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November 1954. M. W. R. LXXxXiI—139 
Chart I. A. Average Temperature (°F.) at Surface, November 1954. 
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B. Departure of Average Temperature from Normal (°F.), November 1954. 


} 

A. Based on reports from 800 Weather Bureau and cooperative stations. The monthly average is half the sum of the monti:ly 

average maximum and monthly average minimum, which are the average of the daily maxima and daily minima, respectiv.-ly. 
B. Normal average monthly temperatures are computed for Weather Bureau stations having at least 10 years of recovd. 
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Chart III. A. Departure of Precipitation from Normal (Inches), November 1954. 


Normal monthly precipitation amounts are computed for stations having at least 10 years of record. 
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B. Percentage of Normal Precipitation, November 1954. 
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Chart V. A. Percentage of Normal Snowfall, November 1954. 


B. Depth of Snow on Ground (Inches). 


A. Amount of normal monthly snowfall is computed for Weather Bureau stations having at least 10 years of record. 
B. Shows depth currently on ground at 7:30 a.m. E.S.T., of the Tuesday nearest the end of the month. It is based on reports 
from Weather Bureau and cooperative stations. Dashed line shows greatest southern extent of snowcover during month. 
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Chart VI. A. Percentage of Sky Cover Between Sunrise and Sunset, November 1954. 
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A. In addition to cloudiness, sky cover includes obscuration of the sky by fog, smoke, snow, ete. Chart based on 
visual observations made hourly at Weather Bureau stations and averaged over the month. B. Computations 
of normal amount of sky cover are made for stations having at least 10 years of record. 
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B. Percentage of Normal Sky Cover Between Sunrise and Sunset, November 1954. 
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November 1954. M. W. R. 
Chart VII. A. Percentage of Possible Sunshine, November 1954. 
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A. Computed from total number of hours of observed sunshine in relation to total number of possible hours of 


B. Normals are computed for stations having at least 10 years of record. 
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